We discuss the quality required for the RF source used to trap neutral atoms in RF-dressed potentials. We illustrate this discussion with experimental results obtained on a Bose-Einstein condensation experiment with different RF sources.
Introduction
Radio-frequency (RF) fields are used in cold atom experiments for different purposes: for instance, evaporative cooling performed in a magnetic trap relies on RF field coupling between the different atomic magnetic states [1, 2] . This technique led to the first observation of Bose-Einstein condensation (BEC) [3, 4] . RF pulses are used for dissociating ultracold molecules produced from ultracold gases through Feshbach resonances [5] . More recently, RF fields have been used together with static magnetic fields for trapping ultracold atoms at a temperature of a few µK in unusual geometries [6, 7] . There is a growing interest for these "RF-based traps" among atomic physicists, for creating double well traps on atom chips [8] [9] [10] as well as proposing new kinds of confining potentials [11] [12] [13] [14] . In both cases, a single frequency RF signal must be frequency swept over some range, often larger than the initial frequency, following a precise time function lasting several seconds. Typically the RF frequency is varied between 1 MHz and a few tens of MHz in 0.1 s to 10 s in a first ramping stage, and held at the final frequency for seconds in a plateau stage. Commercial RF generators meet reasonably well the usual requirements for evaporative cooling, even if a better resolution in arbitrary frequency ramps would be appreciated. However, in the case of RF-based trapping, the requirements are stronger. The main difference between these two situations is that in evaporative cooling the cold atomic sample is located away from the region of efficient coupling, whereas in the RFbased trapping scheme the coldest atoms sit exactly at the point where the RF field has the largest effect. The quality of the RF source is then much more important than for evaporative cooling. Indeed, the cloud position a e-mail: perrin@lpl.univ-paris13.fr is directly related to the value of the RF field frequency, whereas the trap restoring force, or equivalently the oscillation frequency ν t in the harmonic approximation, is linked to the RF amplitude. As a result, any amplitude noise, frequency noise or phase noise of the RF signal during the ramp or the plateau leads to heating of the cold atomic cloud [7, 15] . These considerations motivated the detailed study presented in this paper. This paper is organised as follows: in Section 2 we give explicit expressions for the heating of the cold atom sample for frequency and amplitude noise in the case of RF-based trapping. Section 3 is devoted to experimental results, with a comparison between different RF sources tested on the BEC experiment.
Requirements on the RF source for RF-based trapping
In this paper, we will focus on the RF-dressed trap that is experimentally produced in our laboratory [7] . The main conclusions may easily be extended to other RF-dressed trap geometries.
The trap confines the atoms in all three space dimensions. The trapping force arises from the interaction between the atoms and the linearly polarized RF field B(t) = B RF cos(2πν RF t) in the presence of an inhomogeneous static magnetic field B dc . This interaction dresses the atoms with RF photons and results in a transverse confinement of the dressed atoms to an isomagnetic surface. The atoms are free to move along this confining surface, resulting in our case in a kind of "bubble trap" [6] . Due to gravity, however, they are concentrated at the bottom of the surface. Their motion is pendulum-like in the horizontal directions, and imposed by the RF interaction The European Physical Journal D along the vertical z axis. This last direction is thus the most sensitive to the RF field properties (frequency ν RF , amplitude B RF ) and we will therefore concentrate on the vertical motion in the following. Along this direction, heating or atomic losses may arise from frequency or amplitude noise, phase jumps or discrete frequency steps during the RF ramp.
Frequency noise: dipolar excitation heating
Very generally, for atoms in a one dimensional harmonic trap with a trapping frequency ν z , any effect producing a jitter in the trap position z results in linear heating through dipolar excitation. The average energy of the cold atomic cloud E increases linearly as [16] :
where 
In our 3D trap, the time variations of energy, E, and temperature, T , are related byṪ =Ė/3k B . In principle,Ė is the sum of three contributions of the type (1) for all three directions. However, the vertical heating is always much larger than the horizontal ones in this RF-based trap, and we will neglect the minor contributions in the following. The vertical trap position z is a function z = Z(ν RF ) of the RF frequency ν RF . As a result, S z is directly proportional to S rel , the PSD of relative frequency noise of the RF source:
The function Z depends on the geometry of the static magnetic field. In a quadrupolar field, for instance, Z is linear with ν RF and its derivative is a constant. From equations (1) and (3), we infer that the linear heating rate is proportional to S rel (ν z ).
To fix orders of magnitude, within the static magnetic field of our Ioffe-Pritchard trap [7] , ν z may be adjusted between 600 and 1500 Hz and the typical temperature of the cold rubidium 87 atoms ranges from 0.5 to 5 µK. For Bose-Einstein condensation experiments, a linear temperature increase below 0.1 µK s −1 is desirable [17] . This rate corresponds to S z (ν z ) = 0.3 nm/ √ Hz for an intermediate trap frequency of 1000 Hz and ν RF = 3 MHz, which in turn corresponds to a one-sided PSD of relative frequency fluctuations of the RF source S rel (ν z ) = −118 dB Hz −1 .
Amplitude noise: parametric heating
Fluctuations of the RF field amplitude B RF are responsible for parametric heating in the vertical direction.
The trapping frequency ν z is inversely proportional to √ B RF [6] :
Here, γ is the gyromagnetic ratio of the atom and F is the total atomic spin (F = 2 for rubidium 87 in its upper hyperfine state). The atoms are assumed to be polarised in their extreme m F = F substate. Amplitude noise then results in an exponential increase of the cloud temperature with a rate Γ given by
where S a is the PSD of the relative RF amplitude noise [16] . In order to perform experiments with the BEC within a time scale of a few seconds, Γ should not exceed 10 −2 s −1 [17] . Again, for a typical oscillation frequency of 1000 Hz, this corresponds to S a < −90 dB Hz −1 . This requirement is rather easy to match and does not limit the choice of the RF source, as -110 dB Hz −1 is commonly reached with commercial synthesizers. However, particular care must be taken in the choice and installation of the RF amplifier usually used after the source.
Phase jumps
Controlling the phase of the RF source is not a crucial point for evaporative cooling, but becomes an issue in the case of RF-based traps, where it is associated with trap losses. In the latter situation, the atomic spin follows an effective magnetic field precessing at the RF frequency around the dc magnetic field, with a precession angle 2πν RF t and a nutation angle θ. A phase jump results in a sudden change ∆ϕ in the precession angle, the atomic spin being then misaligned with the new direction the effective field. Some of the atoms end up with a spin oriented incorrectly and escape the trap.
The atomic loss after a phase jump ∆ϕ may be estimated in the following way. The nutation angle θ is linked to RF frequency and amplitude through tan(θ) = ( [18] . g F and µ B are the Landé factor and the Bohr magneton, respectively. θ is position dependent, as is the value of the dc magnetic field B dc . After the phase jump, the new effective field makes an angle ψ with the former one, where sin(ψ/2) = sin(θ) sin(∆ϕ/2). At a given position, the probability p(ψ) of keeping an atom in the new dressed state is then given by its overlap with the initial spin eigenstate, p(ψ) = [cos(ψ/2)]
4F . In the case of rubidium 87 in the F = 2 hyperfine ground state, starting polarized in the m F = 2 dressed state, p(ψ) = cos 8 (ψ/2). The fraction P (∆ϕ) of the atoms remaining in the right state is then an average of p(ψ) θ over the cloud size. For example, a phase jump of 10 −2 rad will result at most in a loss of a fraction 10
of the atoms in states other than m F = 2. For a single phase jump, as illustrated experimentally in Section 3, the phase jump amplitude should then remain below 0.1 rad for limiting the losses to 1%. However,
